The Chinese mitten crab (Eriocheir sinensis) is an euryhaline crustacean, whose adults migrate downstream to estuaries for reproduction. Lipids are believed to be involved in salinity adaptation during migration. This study investigated the effects of different salinities (0, 6, 12, and 18‰) on the total lipids, neutral lipids, and polar lipids contents, and fatty acid profiles in the gonads, hepatopancreas, and muscles of adult E. sinensis after 40 days of salinity adaptation. The results showed that the males and females from 12‰ treatment had the highest contents of total lipids and neutral lipids in their hepatopancreas and total lipids in the muscles. Notably, salinity had a greater effect on the fatty acid profiles in the hepatopancreas compared to that in the gonads and muscles. The male hepatopancreas treated with 18‰ salinity had the highest percentage of total n-6 polyunsaturated fatty acid (∑n-6PUFA) in both neutral lipids and polar lipids, while the percentage of total n-3 polyunsaturated fatty acid (∑n-3PUFA) in neutral lipids and polar lipids decreased significantly with increasing salinity in males. In females, the 0‰ treatment had the highest percentages of total saturated fatty acids in neutral lipids and polar lipids in the hepatopancreas, while the highest ∑n-3PUFA and ∑n-6PUFA in neutral lipids and polar lipids were detected in the 12‰ treatment group. In conclusion, brackish water could promote the accumulations of total lipids and neutral lipids in the hepatopancreas and change the fatty acid profiles of adult E. sinensis, particularly in the hepatopancreas after long-term salinity adaptation.
Introduction
The Chinese mitten crab (Eriocheir sinensis) is an euryhaline crustacean that is mainly distributed along the Eastern coast of Asia to the Korean Peninsula [1, 2] . In addition, the crab has spread to the coastal ecosystems of Europe and America; thus, it is considered an invasive species [3, 4] . Under natural conditions, the juvenile E. sinensis inhabit fresh water environment, a1111111111 a1111111111 a1111111111 a1111111111 a1111111111 determined based on the external characteristics: 1) > 70% area of the chelipeds is covered with hairs for adult male crabs; and 2) the petasma of adult males become hard and raised compared to immature males. For the females, the mature crabs were characterized by a yellowish green color on the carapace, and an abdominal flap that was semicircular in shape that was covered by short hair; in contrast, immature females had a khaki colored carapace, and the abdomen was more triangular [31] . The initial body weight of males and females ranged from 150 to 160 g and 100 to 120 g, respectively. The crabs were transported to Fengxian aquaculture research center, Shanghai Fisheries Research Institute, Shanghai, China. Two hundred and forty female and 240 male active and appendage-intact crabs were selected for experiment. Four salinity treatments, i.e. 0, 6, 12, and 18‰, were set up, and each treatment had two replicate tanks with 30 males or females stocked in each tank. Males and females were cultured separately, because in brackish water they could mate and cause spawning for female crabs [32] , which may affect the normal physiological status of the crabs. The experiment was conducted in 16 indoor polyethylene tanks (length × width × depth = 2.5 m × 3.75 m × 1.0 m). Approximately 40% of the bottom area of the tanks was covered with 10-20 cm fine sand and pieces of polyvinyl chloride (PVC) tubes (diameter: 15 cm) were provided as shelters for the crabs. During the experiment, the water depth of each tank was maintained at 70 cm. The initial salinity in all tanks was 0‰, and following stocking of the crabs, the salinity in the tanks allocated for higher salinity treatments was gradually increased to the designated levels, at a rate of 3‰ day -1 by adding brine.
During the experiment, all the rearing tanks were provided with continuous aeration and maintained under a photoperiod cycle of 12 h light: 12 h dark. Fluorescent lamps (40 W) were used as the light source. The crabs were fed daily at 18:00 with trash fish and the food residue was removed the next morning. The feeding amount was adjusted according to the water temperature and food residues. The feeding amount was around 3-5% of the total biomass when the water temperature was above 20˚C, while the feeding amount was approximately 1-3% of total biomass when the temperature was between 15 and 20˚C. The water temperature in each tank was measured daily at 12:00 and 22:00, and ammonia-N, nitrite, dissolved oxygen (DO), and pH were measured every 3 days. The water in each tank was exchanged based on the water quality. During the experiment, water quality parameters were maintained as follows: ammonia-N < 0.5 mg L 
Sample collection
At day 40 of the experiment, the crabs were fasted for 24 h before sampling. Four crabs were randomly sampled from each tank; therefore, eight females and eight males were sampled from each salinity treatment. The body weights of crabs were measured using a digital balance (precision = 0.01 g). Subsequently, all the crabs were treated with the cold shock method to minimize suffering. The gonads and hepatopancreas of each crab were dissected out and weighted. Meanwhile, the muscle of each crab was carefully picked by hand. All the samples were stored at −40˚C for later analysis.
Total lipid extraction, separation, and fatty acid analysis
The gonads, hepatopancreas, and muscle samples of each crab was freeze-dried and pulverized. The total lipid content in the muscle and male gonads was relatively limited; therefore, to meet the requirements of total lipid content and fatty acid composition analysis, the muscle sample and male gonads of two crabs from the same tank were randomly pooled into one sample, respectively. Total lipids in the crab samples were extracted with chloroform-methanol anol solution was added, mixed, and left to stand for 10 min. Then, 10 mL distilled water was added, mixed, and left to stand for 30 min. The supernatant was then collected for fatty acid methyl esters (FAMEs) analysis. The FAMEs were analyzed on an Agilent 7890B-5977A gas chromatograph-mass spectrometer (GC-MS) with an Omegawax 320 fused silica capillary column (30 m × 0.32 mm ID × 0.25 um; Supelco, Billefonte, PA, USA). Helium was used as the carrier gas with a flow rate of 1.0 mL min -1
. Aliquots (1.0 μL) were injected and the split ratio of the injector was 1:30. The temperature of the injector was kept at 240˚C, while the column temperature was initially held at 40˚C. It was then increased, at 10˚C min -1 , to 170˚C and held for 1 min, followed by an increase at 2˚C min -1 to 220˚C and held for 1 min. It was then further increased at 3˚C min -1 to the final temperature of 230˚C and held for 5 min until all FAMEs had been eluted. The temperature of transfer line was maintained at 245˚C. The ion-trap mass spectrometer was operated in electron impact (EI) mode and full scan monitoring mode (m/z 30-450). The MS source temperature was set at 230˚C and the electron energy was set at 70 eV. The peaks were identified by comparing their retention times with known standards (Sigma-Aldrich Co., St. Louis, MO, USA). The fatty acid profile was expressed as the percentage of each fatty acid to the total fatty acids (% total fatty acids) based on the area percentage.
Statistical analysis
Data are presented as mean ± standard error (SE). Homogeneity of variance was tested using Levene's test. When necessary, arcsine-square root or logarithmic transformation was performed before analysis. Statistical analyses were conducted using ANOVA and Duncan's multiple range tests were used as the means separation procedure in this study. P < 0.05 was regarded as statistically significant for any two treatments while Bonferroni correction was used to correct the P value of multiple tests for statistical significance [36] . All statistical analyses were performed using the SPSS statistics package software (version 16.0). Principal component analysis (PCA) was performed on fatty acid data using a statistical analysis module in the MetaboAnalyst 4.0 online software, which is freely available at http://metaboanalyst.ca.
Results

The contents of total lipids, neutral lipids, and polar lipids
There were no significant differences in the contents of total lipids, neutral lipids, and polar lipids, as well as the neutral lipids-polar lipids ratio (NL:PL), in the gonads of males among all treatments (P > 0.05, Table 1 ). In addition, no significant differences were found for the total lipids and neutral lipids contents and the NL:PL in the ovaries of females among all treatments (P > 0.05), while the polar lipids contents in the ovaries showed an overall decreasing trend with increasing salinity (P < 0.05). The highest contents of total lipids and neutral lipids in the hepatopancreas of male crabs were detected in the 12‰ treatment group (P < 0.05), while no significant differences were found for the contents of polar lipids and NL:PL among all treatments (P > 0.05). The total lipids, neutral lipids, and NL:PL in the hepatopancreas of females showed a pattern of 'low-high-low', with the highest levels detected in the 12‰ treatment group, while the highest and the lowest polar lipids contents were detected in the 0 ‰ and 12‰ treatment groups, respectively (P < 0.05). The male crabs from the 12‰ treatment group had the highest contents of total lipids and polar lipids in the muscles (P < 0.05), while no significant differences were found for the 
Fatty acid profiles of the gonads
Principal component analysis (PCA) showed that the fatty acid profiles in the gonads of male crabs from the four salinity treatments were similar (Fig 1) . For the fatty acid composition in the neutral lipids, there were no significant differences in the percentages of total saturated fatty acids (∑SFA) and total monounsaturated fatty acids (∑MUFA) in the male gonads among all treatments (P > 0.05, Table 2 ), while the highest percentages of C20: 5n3 (EPA) and total n-3 polyunsaturated fatty acid (∑n-3 PUFA) were detected in the 0‰ treatment group (P < 0.05).
For the polar lipids, C18:0 showed a pattern of 'high-low-high', with the highest and the lowest levels being detected in the 18‰ and 6‰ treatment groups, respectively ( Table 2 ). The results of PCA showed that the fatty acid profile in the ovaries of female crabs in the 0‰ treatment group was similar to those of the 6‰ and 12‰ treatment groups; however, they were slightly different from that in the 18‰ treatment group (Fig 2) . For the fatty acid composition of the neutral lipids, the female crabs in the 18‰ treatment group had the highest percentage of C18:1n9, while the highest percentage of C22:6n3 (DHA) was detected in the 0‰ treatment group (P < 0.05, Table 3 ). For the polar lipids, the percentage of C18:1n9 Data are presented as mean ± SE (n = 2). Values within the same row with different letters mean significant difference. Fatty acids contents < 0.5% are not listed in this table. ∑SFA: total saturated fatty acids; ∑MUFA: total monounsaturated fatty acids; ∑PUFA: total polyunsaturated fatty acids; ∑LC-PUFA: total long chain polyunsaturated fatty acids.
showed an increasing trend with increasing salinity (P < 0.05), while no significant differences were found for the other fatty acids among four salinity treatments (P > 0.05).
Fatty acid profiles of the hepatopancreas
The results of PCA showed that the fatty acid profile in the hepatopancreas of male crabs from the 0‰ treatment group was significantly different from that in the 12‰ and 18‰ treatment groups (Fig 3) . For the fatty acid composition of the neutral lipids, there were no significant differences in the percentages of ∑SFA and most monounsaturated fatty acids among all treatments (P > 0.05, Table 4 ). The percentage of ∑MUFA in the neutral lipids increased significantly with increasing salinity (P < 0.05). The percentages of EPA, DHA, ∑n-3PUFA, and ∑LC-PUFA as well as n-3/n-6 PUFA ratio decreased significantly with increasing salinity (P < 0.05). For the polar lipids, the percentage of C20:2n6 increased significantly with increasing salinity, while the levels of DHA and ∑n-3PUFA showed a decreasing trend with increasing salinity (P < 0.05).
The results of PCA showed that the fatty acid profile in the hepatopancreas of female crabs from the 0‰ treatment group was similar to those of the 6‰ and 18‰ treatment groups, but different from that of the 12‰ treatment group (Fig 4) . The fatty acid composition in the neutral lipids and polar lipids of the hepatopancreas are shown in Table 5 . For the neutral lipids, the highest percentages of C18:0 and ∑SFA were detected in the 0‰ treatment group, while the highest percentages of EPA, ∑n-3PUFA, ∑n-6PUFA, ∑PUFA, and ∑LC-PUFA were detected in the 12‰ treatment group (P < 0.05). For the polar lipids, the 0‰ salinity group had the highest percentages of most saturated fatty acids and monounsaturated fatty acids, while the highest levels of C18:2n6, C18:3n3, C20:4n6, EPA, DHA, ∑PUFA, ∑n-3PUFA, ∑n-6PUFA and ∑LC-PUFA were detected in the 12‰ treatment group (P < 0.05). 
Fatty acid profiles of muscles
The Fig 5 shows that the fatty acids profiles in the muscles of male crabs were similar among all treatments. The fatty acid composition of male muscles is shown in Table 6 . For the neutral lipids, the percentages of C16:0 and ∑SFA showed an overall decreasing trend with increasing salinity (P < 0.05), while no significant differences were found for the percentages of most monounsaturated fatty acids and polyunsaturated fatty acids. For the polar lipids, the highest C18:0 was detected in the 18‰ treatment group (P < 0.05). The males from the 12‰ treatment group had the highest percentage of C18:1n7 in the polar lipids (P < 0.05), while no significant differences were found for the other monounsaturated fatty acids among all treatments. The highest percentage of C22:6n3 showed an overall decreasing trend with increasing salinity (P < 0.05), while no significant differences were found for the other polyunsaturated fatty acids among four salinity treatments.
The fatty acids profiles in the muscles of female crabs from the four treatment groups were similar (Fig 6) . For the fatty acid composition in neutral lipids, there were no significant differences in the percentages of most saturated fatty acids, monounsaturated fatty acids, or polyunsaturated fatty acids among all treatments (P > 0.05, Table 7 ). For the polar lipids, the percentage of C18:1n9 increased with increasing salinity, while no significant differences were found for the percentages of most other monounsaturated fatty acids and ∑MUFA (P > 0.05). The 6‰ treatment group had the highest percentages of C18:3n3, and ∑n-6PUFA, while the highest levels of DHA, ∑n-3PUFA and ∑LC-PUFA were detected in the 0‰ treatment group (P < 0.05).
Discussion
Effects of long-term salinity adaptation on lipid contents
Neutral lipids (mainly triglycerides) are important energy sources in crustaceans [13, 29] , while polar lipids (mainly phospholipids) are the main structural components of membranes, which play important roles in maintaining membrane fluidity and permeability [15] . In this study, there was no significant difference in the contents of total lipids, neutral lipids, and polar lipids in the gonads of male crabs among the four salinity treatments after 40 days of salinity adaptation. Such results could be explained by the fact that the gonad is an important reproductive organ for male crabs [28], and therefore, its lipid content is maintained at a relatively stable level [37] to ensure normal reproductive and is thus not susceptible to fluctuating salinity. For female crabs, significantly higher polar lipids contents in the ovaries were measured at 0‰ treatment compared to that in the 18‰ group. Possible explanations for such results are: 1) The osmolality difference between the body of the female crabs and water in the 0‰ treatment was significantly greater than that of the other treatments [9, 10] ; therefore, increasing polar lipids may improve the fluidity and permeability of membranes, which will promote ion transport, and maintain the osmotic and ionic balance [13, 38] .
2) The decrease of the polar lipids contents in the ovaries of females from high salinity treatment may be due to a direct effect of the increasing salinity, which is known to accelerate ovarian development and maturation [10] , resulted in the lower contents of polar lipids in this treatment. Indeed, our recent result showed that female E. sinensis generally decreased the ovarian polar lipids contents and increased the contents of neutral lipids during ovarian maturation (our unpublished data). The hepatopancreas is an important organ for lipid storage in E. sinensis [39] . Our results showed that the total lipids and neutral lipids contents in the hepatopancreas of males and females from the 6‰, 12‰, and 18‰ treatment groups were significantly higher than those in the 0‰ treatment group after 40 days of salinity adaptation. This could be because the osmolality of brackish water is closer to that in the body of the E. sinensis, hence reduced energy consumption is required for osmoregulation [9, 10] , which is beneficial to the accumulation of energetic lipids (mainly neutral lipids) in the hepatopancreas. This is not consistent with a previous report [24] , in which short-term salinity adaptation had no significant effects on the contents of total lipids and neutral lipids (mainly triglycerides) in the hepatopancreas of adult E. sinensis. The difference might be because the study of Chapelle was conducted for a short-term (3 or 14 days), and the energy consumption for osmoregulation was somewhat lower; therefore, there were no significant changes in the total lipid and neutral lipid contents in the hepatopancreas. In the present study, the polar lipids contents in the hepatopancreas of female crabs decreased with increasing salinity. This might be because polar lipids are important structural components of membranes, and increased phospholipid contents can increase the fluidity of membranes and maintain their integrity, which would facilitate ionic transport under low salinity conditions [38, 40] . However, previous experiments indicated that shortterm salinity adaptation had no significant effects on the phospholipid content in the hepatopancreas of E. sinensis [24, 41] and the white Pacific shrimp Litopenaeus vannamei [42] . These discrepancies might reflect the fact that in these previous studies, the salinity adaptation time was too short to significantly change the phospholipid metabolism in the hepatopancreas. The present study showed that the total lipids and polar lipids contents in the muscles of male and female crabs increased with increasing salinity. A possible explanation for this result was that increasing salinity promoted the gonadal development and maturation of E. sinensis [9, 10] , which will induce estrus and higher level of activity [32] . Indeed, the activity of adult E. sinensis in the high-salinity treatment was greater compared to that in low salinity in this study. Zhuang et al. (2012) [43] also found that the activity frequency of adult E. sinensis was higher under high salinity conditions. Muscle is an important motor organ of E. sinensis, and the increasing polar lipids contents in the muscles might serve to maintain the normal physiological function of the membrane to ensure the normal movement for estrus chasing and mating during reproduction. Moreover, the content of neutral lipids in the muscles of female crabs decreased with increasing salinity, which might be because of the increasing salinity enhanced the movement frequency and increased energy consumption [10, 43] ; therefore, the content of energy lipids (neutral lipids) in the muscles decreased with increasing salinity.
Effects of long-term salinity adaptation on the fatty acid profiles
In this study, the fatty acid composition of neutral lipids and polar lipids in the gonads of male crabs were only limitedly affected by salinity, which might be because the gonad is an important reproductive organ for male crabs [28, 44] . The relatively stable fatty acid composition in the gonad of males is likely to ensure normal reproduction, hence the fatty acid compositions was not significantly affected by salinity. For the female crabs, the results of principal component analysis showed that the fatty acid composition in the ovaries from the 0‰ treatment group was similar to that of the 6‰ and 12‰ treatment groups, while a greater difference was found between the 0‰ and 18‰ treatment groups. The highest percentages of ∑MUFA in the neutral lipids and polar lipids in ovaries, as well as the C16:0 in polar lipids, were detected in the 18‰ treatment group, which indicated that saturated fatty acids and monounsaturated fatty acids were preferentially utilized during long-term salinity adaptation. Moreover, the osmolality of brackish water (6-18‰) is closer to that of the body of E. sinensis, thus reduced energy consumption during osmoregulation would contribute to the accumulation of nutrients and/or energy [9] . The percentages of EPA, DHA, and ∑LC-PUFA in ovarian neutral lipids and polar lipids decreased with increasing salinity. This might be because increased LC-PUFA, such as EPA and DHA, could improve membrane fluidity and permeability, which would help maintain the intracellular and extracellular osmotic and ionic balance [15] . Previous studies have demonstrated that elevating salinity could promote ovarian development and maturation of female E. sinensis [10] . In addition, our research found that the contents of EPA, DHA, and ∑LC-PUFA in the ovaries of female E. sinensis decreased during ovarian development and maturation (unpublished data). Therefore, the decrease of EPA, https://doi.org/10.1371/journal.pone.0219260.g005 Table 6 . The principal fatty acid profiles (% total fatty acids) of the neutral lipids and polar lipids in the muscles of adult male E. sinensis. DHA, and ∑LC-PUFA levels in the ovaries of female E. sinensis might also be related to the enhanced ovarian development and maturation caused by brackish water; however, the underlying mechanism remains to be determined. The hepatopancreas is the major organ of lipid storage and metabolism in crustaceans, and its fatty acid composition can reflect the adaptation of crustaceans to salinity to a certain extent [14, 22] . In this study, the results of PCA showed that the fatty acid composition of the hepatopancreas of male crabs in the 0‰ treatment group was significantly different from that in the 12‰ and 18‰ treatment groups, which indicated that brackish water could affect the fatty acid composition of the hepatopancreas of male crabs. The percentages of ∑MUFA in neutral lipids in the hepatopancreas of male crabs increased significantly with increasing salinity. This might be because of the osmolality of brackish water is closer to that of the body of male E. sinensis; therefore, reduced energy consumption is required for osmoregulation [4, 9] , resulting in more energetic lipids accumulating in the hepatopancreas. The percentages of EPA, DHA, ∑n-3PUFA, and ∑LC-PUFA in neutral lipids and polar lipids in the hepatopancreas of males showed an overall decreasing trend with increasing salinity, which is consistent with the results observed in the mud crab Scylla serrata [22] . For female crabs, the results of PCA analysis showed that the fatty acid profile in their hepatopancreas in the 0‰ treatment group was similar to that in the 6‰ and 18‰ treatment groups; however, there was a significant difference between the 0‰ and 12‰ treatment groups. The highest percentages of ∑SFA and ∑MUFA in the neutral lipids and polar lipids of the hepatopancreas female crabs were detected in the 0‰ treatment group, which is in contrast to the results for the male crabs. This may be because the gonadal development of female crabs is generally more dependent on hepatopancreatic lipids than that of males [29, 30] ). Additionally, elevated salinity could promote ovarian development of female E. sinensis [10] ; hence the SFA and MUFA in the hepatopancreas might be transported to the ovaries for storage, providing energy for late embryo development, which is consistent with the increased ∑MUFA percentage in the ovaries of the 18‰ treatment group.
Fatty acids
In this study, a significantly higher percentage of ∑SFA in neutral lipids of male crabs muscle was detected in the 0‰ treatment group compared with that in the 12‰ and 18‰ treatment groups. Such a result could be explained by the fact that the increasing salinity enhanced the activity frequency of E. sinensis [10, 43] . The muscle is an important motor organ, and excessive activity frequency might decrease the percentage of SFA in muscle neutral lipids (energetic lipids). However, there was no significant difference in the percentages of ∑SFA, ∑MUFA, and ∑PUFA in the polar lipids of male muscles among all salinity treatments, which is consistent with observation of E. sinensis during short-term salinity adaptation [24] . For the female crabs, the percentages of EPA, DHA, ∑n-3PUFA, and ∑LC-PUFA in polar lipids were highest in the 0‰ treatment group, which was consistent with a previous study on S. serrata [22] . This might be because the osmolality difference between the body of female crabs and the ambient solution is higher in the high salinity treatment [4, 10] . Therefore, it is necessary to improve membrane permeability to enhance the absorption of ions and maintain the intracellular ionic balance. It is worth noting that the EPA and DHA in polar lipids are important fatty acids that regulate and maintain membrane integrity and permeability [15] ; hence the increasing EPA and DHA levels might be beneficial to the intracellular and extracellular osmotic and ionic balance.
Conclusion
This study showed that increasing the ambient salinity could promote the accumulation of total lipids and neutral lipids in the hepatopancreas, as well as the polar lipids in the muscles of E. sinensis after 40 days of salinity adaptation. The fatty acid profiles in the gonads and muscles of adult E. sinensis were relatively conserved, indicating that they are not susceptible to fluctuating salinity; however, the fatty acid profile in the hepatopancreas was markedly affected by changes in salinity. 
